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ABSTRACT: The synthesis of a new class of benzotriazole-derived α-
amino acid is described using a highly eﬃcient nucleophilic aromatic
substitution of ortho-ﬂuoronitrobenzenes with L-3-aminoalanine and a
polymer-supported nitrite reagent-mediated diazotization and cyclization
of the subsequent 1,2-aryldiamines as the key steps. Further
functionalization of the benzotriazole unit by preparation of halogenated
analogues and Suzuki−Miyaura cross-coupling with aryl boronic acids
allowed the synthesis of α-amino acids with conjugated side chains.
Analysis of the photophysical properties of these α-amino acids revealed
that incorporation of electron-rich substituents results in charge-transfer-based, ﬂuorescent compounds with MegaStokes shifts.
■ INTRODUCTION
For many years, nonproteinogenic α-amino acids have been
deemed as highly important targets for a range of applications.1
In synthetic chemistry, they are widely used as chiral
precursors, ligands, and catalysts and are found to be
components of many natural products and pharmaceutically
relevant compounds.2 In medicinal chemistry and the life
sciences, unnatural α-amino acids are commonly used as
enzyme inhibitors or as probes to study biological mechanisms
and protein structure and function.3 In this regard, there have
been signiﬁcant eﬀorts on the design and development of
ﬂuorescent unnatural α-amino acids as tools for a range of
chemical biology applications.4 Many important ﬂuorescent α-
amino acid probes have been rapidly prepared by incorporating
a chromophore within the side chain of L-3-aminoalanine.5
These include the environment-sensitive and charge-transfer-
based dimethylaminophthalimide 16 and the related naph-
thalimide analogue 2,7 which have been used for sensing
protein−protein interactions (Figure 1). Other examples
include 6-acetylnaphthalene-substituted α-amino acid 3,
which has been genetically incorporated into proteins and
used to study protein−ligand and protein−protein inter-
actions,8 while dansyl-labeled L-3-aminoalanine derivative 4
has also been widely used to study biomolecular interactions
and protein structural dynamics.9 Various benzo-fused hetero-
cycles have also been attached to the side chain of L-3-
aminoalanine and used as biological probes. For example, a
nitro-substituted benzoxadiazole analogue 5 was found to be
an environment-sensitive ﬂuorophore and used to study the
structure and function of a neurokinin-2 receptor.10 An azide
analogue of L-3-aminoalanine was used in a click-type reaction
to attach a benzothiadiazole unit, resulting in a highly
ﬂuorescent α-amino acid 6 that is emitted in the visible region
with a good quantum yield.11
Previously, we have described the development of various
classes of ﬂuorescent α-amino acids incorporating a wide range
of chromophores, including heterocycle-based systems.12
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Figure 1. Unnatural α-amino acids derived from L-3-aminoalanine.
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While these studies have identiﬁed highly ﬂuorescent,
environment-sensitive probes that can be incorporated into
peptides using solid phase peptide synthesis, we were
interested in developing novel benzo-fused heterocyclic-based
targets that could be accessed in relatively few steps from a
common L-3-aminoalanine derivative and diversiﬁed at a late
stage to access chromophores with a range of photophysical
properties. Here, we report a general synthetic approach to
benzotriazole-derived α-amino acids (Figure 1) from L-3-
aminoalanine using a nucleophilic aromatic substitution
reaction with ortho-ﬂuoronitrobenzenes and a mild one-pot
diazotization and cyclization process of subsequent 1,2-
aryldiamines to form the key triazole ring. Tuning the
photophysical properties of these novel chromophores through
the incorporation of additional arene units using the Suzuki−
Miyaura reaction with various halogenated benzotriazoles is
also described.
■ RESULTS AND DISCUSSION
Our approach to α-amino acids bearing benzotriazole side
chains is shown in Scheme 1. Initially, it was proposed that a
suitably protected L-3-aminoalanine derivative 8 could be
quickly accessed from L-asparagine via a Hofmann rearrange-
ment. Nucleophilic aromatic substitution of ortho-2-ﬂuoroni-
trobenzenes with 8, followed by nitro group reduction, would
give a range of 1,2-aryldiamines 9 incorporating an α-amino
acid component. The next stage required activation and
cyclization of the 1,2-aryldiamines via a diazo intermediate.
Filimonov and co-workers have previously shown that anilines
can be activated as diazonium tosylate salts under mild
conditions, using a polymer-supported nitrite reagent and p-
tosic acid.13,14 In addition to the mild conditions, the
advantages of this approach include an operationally simple
procedure and straightforward work-up and puriﬁcation of the
products. Various reports have demonstrated the synthetic
utility of this activation process for one-pot multistep reaction
of arenes.13−15 In this project, the aim was to demonstrate that
substrates such as 9 could be activated and cyclized for the
general synthesis of benzotriazole-derived α-amino acids 10.
Deprotection would then allow access to parent α-amino acids
11.
The ﬁrst stage of the project investigated a short, scalable
synthesis of an L-3-aminoalanine derivative. This was achieved
in two steps and quantitative yield from commercially available
N-Cbz-L-asparagine (12) via a Hofmann rearrangement using
(diacetoxyiodo)benzene,16 followed by esteriﬁcation with
thionyl chloride and methanol (Scheme 2).17 The resulting
L-3-aminoalanine derivative 14 was used in a nucleophilic
aromatic substitution reaction with a series of ortho-
ﬂuoronitrobenzenes in the presence of triethylamine.18 This
reaction gave consistently high yields with both electron-rich
and electron-deﬁcient ortho-ﬂuoronitrobenzenes. Reduction of
the nitro moiety of compounds 15a−f, under chemoselective
conditions with tin dichloride, proceeded smoothly to give α-
amino acid-substituted 1,2-aryldiamines 16a−f. Activation and
subsequent cyclization of these key intermediates to the
corresponding benzotriazoles using the polymer-supported
nitrite reagent and p-tosic acid were then investigated.15 A brief
optimization study showed that performing this transformation
at −10 °C generated the majority of benzotriazoles 17a and
17c−f cleanly and, in good to high yields (57−82%). Synthesis
Scheme 1. Proposed Synthesis of Benzotriazole-Derived α-
Amino Acids
Scheme 2. Synthesis of Benzotriazole-Derived α-Amino
Acids 18a−fa
aIsolated yields are shown.
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of benzotriazole 17b from the more reactive, electron-rich p-
methoxyphenyl substrate 16b was found to be less eﬃcient
(39%).19 Deprotection of 17a−f was then conducted in a one-
pot process under acidic conditions. Puriﬁcation by recrystal-
lization gave α-amino acids 18a−f as the hydrochloride salts in
59−94% yields.
Having shown that α-amino acid-substituted 1,2-aryldi-
amines could be converted to the corresponding benzotriazoles
under the mild conditions of the diazotization and cyclization
process, the next stage of this project was to demonstrate that
these heterocyclic motifs could be further functionalized,
allowing the late-stage preparation of a more diverse series of
novel α-amino acids. With the aim of producing ﬂuorescent α-
amino acids, we sought to extend the conjugation of the
benzotriazole heterocycle. This was achieved using a Suzuki−
Miyaura reaction with bromide analogue 17c and a range of
aryl boronic acids (Scheme 3).20 To fully understand how
substituents might aﬀect the photophysical properties of the α-
amino acids, aryl boronic acids with electron-deﬁcient or
electron-rich substituents were investigated. Bromide analogue
17c was found to be an excellent coupling partner, allowing the
preparation of a small library of conjugated benzotriazole-
based α-amino acids in good to excellent yields (60−91%).
Initial attempts at deprotecting amino acids 19a−f under acidic
conditions previously utilized (Scheme 2; reﬂux, 20 h) did
produce the target compounds, but less eﬃciently than
expected. Therefore, a milder, two-step approach was utilized
instead, involving base hydrolysis of the ester moiety, followed
by a rapid acid-mediated deprotection of the amino group.
This gave the ﬁnal α-amino acids 21a−f in 75−97% yields over
the two steps.
A ﬁnal target was prepared by investigating the functional-
ization of the methoxy-substituted benzotriazole 17b (Scheme
4). We have previously reported the highly regioselective
halogenation of activated arenes using various N-halosuccini-
mides and the super Lewis acid, iron triﬂimide, easily prepared
from iron(III) chloride and the commercially available ionic
liquid, [BMIM]NTf2.
21 With the most activated para-position
blocked,22 it was expected that of the two ortho-positions, iron
triﬂimide-catalyzed bromination of 17b with N-bromosuccini-
mide (NBS) would occur at the least hindered C-5′ position.
Surprisingly, bromination occurred at the more hindered C-7′
position, giving 22 after 1 h as the sole product in 85% yield.
This result was conﬁrmed by 1H NMR spectroscopy of 22
which clearly showed two separate aromatic hydrogen atoms
with an ortho-coupling constant (9.0 Hz). We propose that the
amino acid moiety of 17b may be involved in directing the
iron(III)-activated NBS complex to the C-7′ position. The
brominated benzotriazole unit was then used to extend the
conjugation of the heterocyclic unit. With the aim of preparing
an electron-rich chromophore with charge-transfer properties,
22 was subjected to a Suzuki−Miyaura reaction with 4-
methoxyphenylboronic acid. This gave coupled product 23 in
66% yield. Deprotection of 23 was then conducted in a two-
stage process. As before, the methyl ester was hydrolyzed in
high yield using cesium carbonate. Hydrogenation using 10%
Pd/C proved to be the most eﬃcient method for removal of
the Cbz-protecting group. Formation of the hydrochloride salt
and recrystallization gave α-amino acid 24 in 73% yield.
Following the synthesis of the benzotriazole-derived α-
amino acids, the photophysical properties were measured for
each compound. The UV/visible absorption and photo-
luminescence spectra of the α-amino acids were recorded in
methanol at a concentration of 1 × 10−5 M. As expected, the
nonconjugated benzotriazoles 18a−f and the electron-deﬁcient
5-(p-nitrophenyl)benzotriazole 21d displayed no ﬂuorescence
in methanol. In contrast, the electron-rich, aryl-conjugated
benzotriazoles 21a−c, 21e, 21f, and 24 all showed strong
ﬂuorescence with emission maxima in the visible region,
ranging from 384 to 454 nm (Figure 2b and Table 1).23 These
compounds also possess MegaStokes shifts that are important
in avoiding reabsorption. The nonrigid nature of these
Scheme 3. Synthesis of 5-Aryl Benzotriazole-Derived α-
Amino Acids 21a−fa
aIsolated yields are shown.
Scheme 4. Four-Step Synthesis of Benzotriazole-Derived α-
Amino Acid 24a
aIsolated yields are shown.
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chromophores allows vibration relaxation in the excited and
ground states, resulting in very large Stokes shifts. α-Amino
acids 21a and 21e were also shown to have good quantum
yields of 17 and 18%, respectively, and consequently, the
highest brightness values.
As the p-methoxyphenyl-substituted benzotriazole 21a
showed a number of favorable photophysical properties and
was found to be the brightest α-amino acid, it was decided to
further explore the potential applications of this compound
with a solvatochromic study. As expected, the absorption
maxima (256 nm) in tetrahydrofuran (THF), methanol, and
phosphate-buﬀered saline (PBS) were found to be independ-
ent of polarity (Figure 3a), indicating negligible intramolecular
interactions between the electron-rich methoxyphenyl and
electron-deﬁcient benzotriazole moieties in the ground state.
In contrast, the emission spectra were found to be highly
dependent on the solvent used, with increasing polarity leading
to broadened structureless emission spectra at longer wave-
lengths (Figure 3b).24 For example, in THF, an emission
maximum at 372 nm was observed, while in PBS, the emission
maximum was found to be at 449 nm. The bathochromic shift
of 21a is indicative of greater stabilization of the highly polar,
excited state by the reorganization and relaxation of the dipoles
of the increasingly polar solvent molecules. The broadened
emission spectra of 21a in more polar solvents are due to a
combination of locally excited and internal charge transfer
states.25 These two components can be observed in the
emission spectrum in methanol, where the shoulder peak and
the main band at longer wavelength are due to the locally
excited and internal charge transfer states, respectively.
■ CONCLUSIONS
In summary, a new class of heterocycle-containing α-amino
acid has been synthesized using a nucleophilic aromatic
substitution reaction of 2-ﬂuoronitrobenzenes with a 3-
aminoalanine derivative and a one-pot diazo activation and
cyclization process using a polymer-supported nitrite reagent
under mild conditions. The structural diversity of these
compounds was increased by Suzuki−Miyaura cross-coupling
reactions with bromine-substituted benzotriazoles. Investiga-
tion of the photophysical properties of the resulting α-amino
acids with extended conjugation showed that benzotriazoles
with electron-rich aryl substituents were strongly ﬂuorescent in
the visible region and displayed MegaStokes shifts. The
environment-sensitive nature of these compounds was also
demonstrated with a solvatochromic study of α-amino acid
21a, which showed a bathochromic shift in more polar
solvents. Future work will explore an expansion of the
structural diversity of these benzotriazole-derived α-amino
acids and investigate their potential for biological imaging.
■ EXPERIMENTAL SECTION
The synthesis of 13 and 14 has been previously described in the
literature.16,17 All reagents and starting materials were obtained from
commercial sources and used as received unless otherwise stated. Dry
solvents were puriﬁed using a solvent puriﬁcation system. Brine refers
Figure 2. (a) Absorption spectra of 21a−c, 21e, 21f, and 24, recorded
at 1 × 10−5 M in methanol. (b) Emission spectra of 21a−c, 21e, 21f,
and 24, recorded at 1 × 10−5 M in methanol.
Table 1. Photophysical Data of Benzotriazole-Derived α-
Amino Acids 21a−c, 21e, 21f, and 24
amino
acid
λAbs
(nm)a ε (cm−1 M−1)
λEm
(nm)a
Stokes
shift
(nm) QY
brightness
(cm−1 M−1)
21a 256 23 034 418 162 0.17 3857
21b 258 18 504 454 196 0.02 350
21c 285 19 212 384 99 0.004 82
21e 286 10 309 417 131 0.18 1866
21f 257 19 903 384 127 0.03 533
24 283 9516 432 149 0.09 856
aSpectra were recorded in methanol at: 1 × 10−5 M.
Figure 3. Absorption and emission spectra of 21a in various solvents.
All spectra were recorded using a concentration of 1 × 10−5 M.
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to a saturated solution of sodium chloride. All reactions were
performed in oven-dried glassware under an atmosphere of argon
unless otherwise stated. Flash column chromatography was carried
out using silica gel (40−63 μm) and neutral aluminium oxide (50−
200 μm). Aluminium-backed plates precoated with silica gel 60
(UV254) were used for thin layer chromatography and were visualized
under ultraviolet light and by staining with KMnO4, ninhydrin or
vanillin. 1H NMR spectra were recorded on an NMR spectrometer at
400 or 500 MHz, and data are reported as follows: chemical shift in
ppm relative to tetramethylsilane or the solvent as the internal
standard (CDCl3, δ 7.26 ppm), multiplicity (s = singlet, d = doublet, t
= triplet, q = quartet, m = multiplet or overlap of nonequivalent
resonances, integration). 13C{1H} NMR spectra were recorded on an
NMR spectrometer at 101 or 126 MHz, and data are reported as
follows: chemical shift in ppm relative to tetramethylsilane or the
solvent as internal standard (CDCl3, δ 77.0 ppm), multiplicity with
respect to hydrogen (deduced from DEPT experiments, C, CH, CH2
or CH3). IR spectra were recorded on a FTIR spectrometer;
wavenumbers are indicated in cm−1. Mass spectra were recorded using
electron impact or electrospray ionization techniques. HRMS spectra
were recorded using a dual-focusing magnetic analyzer mass
spectrometer. Melting points are uncorrected. Optical rotations
were determined as solutions irradiating with the sodium D line (λ
= 589 nm) using a polarimeter. [α]D values are given in units 10
−1 deg
cm2 g−1. Fluorescence spectra were recorded on a spectroﬂuoropho-
tometer. Emission data were measured using an excitation slit width
of 3 nm and emission slit width of 3 nm. Quantum yield data were
measured using anthracene and L-tryptophan as standard references.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-[(2 ′-
nitrophenyl)amino]propanoate (15a). To a solution of methyl
(2S)-3-amino-2-[(benzyloxycarbonyl)amino]propanoate hydrochlor-
ide (14) (0.250 g, 0.991 mmol) in acetonitrile (7.5 mL) under argon
were added 2-ﬂuoronitrobenzene (0.310 mL, 2.97 mmol) and
triethylamine (0.410 mL, 2.97 mmol), and the reaction mixture was
stirred under reﬂux for 16 h. After cooling the reaction to ambient
temperature, the solvent was removed in vacuo. The resulting residue
was dissolved in ethyl acetate (50 mL), washed with water (3 × 50
mL), and brine (50 mL). The organic layer was dried (MgSO4),
ﬁltered, and concentrated in vacuo. Puriﬁcation by ﬂash column
chromatography eluting with 0−20% ethyl acetate in dichloro-
methane gave methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[(2′-
nitrophenyl)amino]propanoate (15a) as a yellow solid (0.330 g,
89%). mp 82−84 °C; IR (neat) 3348, 2956, 1721, 1620, 1512, 1265,
1234, 741 cm−1; [α]D
25 +50.8 (c 0.3, CHCl3);
1H NMR (400 MHz,
CDCl3): δ 3.64−3.74 (m, 5H), 4.57 (dt, J = 6.7, 5.7 Hz, 1H), 5.04 (s,
2H), 5.63 (d, J = 6.7 Hz, 1H), 6.69 (br t, J = 8.6 Hz, 1H), 6.98 (d, J =
8.6 Hz, 1H), 7.27−7.51 (m, 6H), 8.16 (dd, J = 8.6, 1.2 Hz, 1H), 8.22
(t, J = 5.6 Hz, 1H); 13C{1H} NMR (101 MHz, CDCl3): δ 44.6
(CH2), 53.1 (CH3), 53.6 (CH), 67.4 (CH2), 113.7 (CH), 116.3
(CH), 127.0 (CH), 128.3 (2 × CH), 128.4 (CH), 128.7 (2 × CH),
132.8 (C), 136.0 (C), 136.4 (CH), 144.9 (C), 155.9 (C), 170.8 (C);
MS (ESI) m/z: 396 (M + Na+, 100); HRMS (ESI): calcd for
C18H19N3NaO6 (M + Na
+), 396.1166; found, 396.1158.
Methyl (2S)-2-(Benzyloxycarbonyl)amino]-3-[(5′-methoxy-
2′-nitrophenyl)amino]propanoate (15b). Methyl (2S)-2-
(benzyloxycarbonyl)amino]-3-[(5′-methoxy-2′-nitrophenyl)amino]-
propanoate (15b) was synthesized as described for methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[(2′-nitrophenyl)amino]propanoate
(15a) using methyl (2S)-3-amino-2-[(benzyloxycarbonyl)amino]-
propanoate hydrochloride (14) (0.200 g, 0.793 mmol), 3-ﬂuoro-4-
nitroanisole (0.407 g, 2.38 mmol), and triethylamine (0.332 mL, 2.38
mmol) in acetonitrile (6.0 mL). Puriﬁcation by ﬂash column
chromatography eluting with 0−20% ethyl acetate in dichloro-
methane gave methyl (2S)-2-(benzyloxycarbonyl)amino]-3-[(5′-
methoxy-2′-nitrophenyl)amino]propanoate (15b) as a yellow solid
(0.277 g, 87%). mp 82−84 °C; IR (neat) 3356, 2955, 1713, 1620,
1582, 1497, 1226, 1221, 748 cm−1; [α]D
23 +20.7 (c 1.0, CHCl3);
1H
NMR (400 MHz, CDCl3): δ 3.73 (ddd, J = 13.7, 6.2, 5.7 Hz, 1H),
3.77 (ddd, J = 13.7, 6.2, 5.7 Hz, 1H), 3.80 (s, 3H), 3.87 (s, 3H), 4.64
(dt, J = 6.9, 6.2 Hz, 1H), 5.13 (s, 2H), 5.63 (d, J = 6.9 Hz, 1H), 6.27
(dd, J = 9.5, 2.5 Hz, 1H), 6.43 (d, J = 2.5 Hz, 1H), 7.28−7.42 (m,
5H), 8.14 (d, J = 9.5 Hz, 1H), 8.52 (t, J = 5.7 Hz, 1H); 13C{1H}
NMR (101 MHz, CDCl3): δ 44.6 (CH2), 53.1 (CH3), 53.2 (CH),
55.9 (CH3), 67.3 (CH2), 95.4 (CH), 105.6 (CH), 127.0 (C), 128.2
(2 × CH), 128.4 (CH), 128.6 (2 × CH), 129.3 (CH), 135.9 (C),
147.3 (C), 155.7 (C), 166.2 (C), 170.7 (C); MS (ESI) m/z: 426 (M
+ Na+, 100); HRMS (ESI): calcd for C19H21N3NaO7 (M + Na
+),
426.1272; found, 426.1266.
Methyl (2S)-2-(Benzyloxycarbonyl)amino]-3-[(4′-bromo-2′-
nitrophenyl)amino]propanoate (15c). Methyl (2S)-2-
(benzyloxycarbonyl)amino]-3-[(4′-bromo-2′-nitrophenyl)amino]-
propanoate (15c) was synthesized as described for methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[(2′-nitrophenyl)amino]propanoate
(15a) using methyl (2S)-3-amino-2-[(benzyloxycarbonyl)amino]-
propanoate hydrochloride (14) (3.97 g, 13.8 mmol), 5-bromo-2-
ﬂuoro-1-nitrobenzene (5.10 mL, 41.3 mmol), and triethylamine (5.90
mL, 41.3 mmol) in acetonitrile (50 mL). Puriﬁcation by ﬂash column
chromatography eluting with 0−20% ethyl acetate in dichloro-
methane gave methyl (2S)-2-(benzyloxycarbonyl)amino]-3-[(4′-
bromo-2′-nitrophenyl)amino]propanoate (15c) as a yellow solid
(5.75 g, 92%). mp 86−89 °C; IR (neat) 3364, 2955, 1721, 1612,
1504, 1227, 1065 cm−1; [α]D
25 +14.3 (c 1.1, CHCl3);
1H NMR (400
MHz, CDCl3): δ 3.60−3.76 (m, 5H), 4.60 (dt, J = 6.9, 5.8 Hz, 1H),
5.06 (d, J = 12.2 Hz, 1H), 5.11 (d, J = 12.2 Hz, 1H), 6.06 (d, J = 6.9
Hz, 1H), 6.81 (d, J = 9.1 Hz, 1H), 7.20−7.30 (m, 5H), 7.36 (dd, J =
9.1, 1.5 Hz, 1H), 8.16 (d, J = 1.5 Hz, 1H), 8.19 (t, J = 6.0 Hz, 1H);
13C{1H} NMR (101 MHz, CDCl3): δ 44.2 (CH2), 52.8 (CH3), 53.2
(CH), 67.0 (CH2), 107.0 (C), 115.3 (CH), 127.9 (2 × CH), 128.1
(CH), 128.3 (2 × CH), 128.6 (CH), 132.5 (C), 135.8 (C), 138.7
(CH), 143.6 (C), 155.9 (C), 170.4 (C); MS (ESI) m/z: 474 (M +
Na+, 100); HRMS (ESI): calcd for C18H18
79BrN3NaO6 (M + Na
+),
474.0271; found, 474.0276.
Methyl (2S)-2-(Benzyloxycarbonyl)amino]-3-{[2′-nitro-4′-
(triﬂuoromethyl)phenyl]amino}propanoate (15d). Methyl
(2S)-2-(benzyloxycarbonyl)amino]-3-{[2′-nitro-4′-(triﬂuoromethyl)-
phenyl]amino}propanoate (15d) was synthesized as described for
methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[(2′-nitrophenyl)-
amino]propanoate (15a) using methyl (2S)-3-amino-2-
[(benzyloxycarbonyl)amino]propanoate hydrochloride (14) (0.200
g, 0.793 mmol), 2-ﬂuoro-5-(triﬂuoromethyl)-1-nitrobenzene (0.333
mL, 2.38 mmol), and triethylamine (0.332 mL, 2.38 mmol) in
acetonitrile (6.0 mL). Puriﬁcation by ﬂash column chromatography
eluting with 0−20% ethyl acetate in dichloromethane gave methyl
(2S)-2-(benzyloxycarbonyl)amino]-3-{[2′-nitro-4′-(triﬂuoromethyl)-
phenyl]amino}propanoate (15d) as a yellow solid (0.295 g, 84%). mp
84−86 °C; IR (neat) 3356, 2955, 1713, 1636, 1535, 1435, 1319,
1227, 1111, 756, 694 cm−1; [α]D
23 +25.9 (c 1.0, CHCl3);
1H NMR
(500 MHz, CDCl3): δ 3.75−3.82 (m, 4H), 3.85 (ddd, J = 13.8, 5.8,
5.4 Hz, 1H), 4.65 (dt, J = 6.9, 5.4 Hz, 1H), 5.09 (d, J = 12.1 Hz, 1H),
5.14 (d, J = 12.1 Hz, 1H), 5.83 (d, J = 6.9 Hz, 1H), 7.08 (d, J = 9.0
Hz, 1H), 7.27−7.43 (m, 5H), 7.56 (d, J = 9.0 Hz, 1H), 8.42 (s, 1H),
8.48 (t, J = 5.8 Hz, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 44.5
(CH2), 53.2 (CH3), 53.5 (CH), 67.4 (CH2), 114.5 (CH), 118.2 (C,
q, 2JCF = 34.4 Hz), 123.5 (C, q,
1JCF = 271.0 Hz), 125.0 (CH, q,
3JCF =
4.3 Hz), 128.3 (2 × CH), 128.4 (CH), 128.6 (2 × CH), 131.6 (C),
132.3 (CH, q, 3JCF = 3.2 Hz), 135.9 (C), 146.6 (C), 156.0 (C), 170.4
(C); MS (ESI) m/z: 464 (M + Na+, 100); HRMS (ESI): calcd for
C19H18F3N3NaO6 (M + Na
+), 464.1040; found, 464.1040.
Methyl (2S)-2-(Benzyloxycarbonyl)amino]-3-[(4′,5′-di-
chloro-2′-nitrophenyl)amino]propanoate (15e). Methyl (2S)-
2-(benzyloxycarbonyl)amino]-3-[(4′,5′-dichloro-2′-nitrophenyl)-
amino]propanoate (15e) was synthesized as described for methyl
(2S)-2-[(benzyloxycarbonyl)amino]-3-[(2′-nitrophenyl)amino]-
p r o p a n o a t e ( 1 5 a ) u s i n g me t h y l ( 2 S ) - 3 - am i n o - 2 -
[(benzyloxycarbonyl)amino]propanoate hydrochloride (14) (0.400
g, 1.59 mmol), 2-ﬂuoro-4,5-dichloro-1-nitrobenzene (0.628 mL, 4.77
mmol), and triethylamine (0.665 mL, 4.77 mmol) in acetonitrile (12
mL). Puriﬁcation by ﬂash column chromatography eluting with 0−
20% ethyl acetate in dichloromethane gave methyl (2S)-2-
(benzyloxycarbonyl)amino]-3-[(4′,5′-dichloro-2′-nitrophenyl)-
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amino]propanoate (15e) as a yellow solid (0.599 g, 85%). mp 94−96
°C; IR (neat) 3358, 2953, 1717, 1612, 1521, 1485, 1223 cm−1; [α]D23
+28.4 (c 1.0, CHCl3);
1H NMR (400 MHz, CDCl3): δ 3.72 (ddd, J =
13.6, 5.6, 5.0 Hz, 1H), 3.76 (ddd, J = 13.6, 5.6, 5.0 Hz, 1H), 3.81 (s,
3H), 4.64 (dt, J = 6.1, 5.6 Hz, 1H), 5.13 (s, 2H), 5.71 (d, J = 6.1 Hz,
1H), 7.13 (s, 1H), 7.27−7.44 (m, 5H), 8.18 (t, J = 5.0 Hz, 1H), 8.26
(s, 1H); 13C{1H} NMR (101 MHz, CDCl3): δ 44.8 (CH2), 53.2
(CH3), 53.4 (CH), 67.5 (CH2), 115.1 (CH), 119.7 (C), 127.9 (CH),
128.2 (2 × CH), 128.4 (CH), 128.6 (2 × CH), 131.2 (C), 135.7 (C),
141.3 (C), 143.6 (C), 155.9 (C), 170.3 (C); MS (ESI) m/z: 464 (M
+ Na+, 100); HRMS (ESI): calcd for C18H17
35Cl2N3NaO6 (M + Na
+),
464.0387; found, 464.0373.
Methyl (2S)-2-(Benzyloxycarbonyl)amino]-3-[(5′-chloro-4′-
methyl-2′-nitrophenyl)amino]propanoate (15f). Methyl (2S)-
2-(benzyloxycarbonyl)amino]-3-[(5′ -chloro-4′-methyl-2′-
nitrophenyl)amino]propanoate (15f) was synthesized as described for
methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[(2′-nitrophenyl)-
amino]propanoate (15a) using methyl (2S)-3-amino-2-
[(benzyloxycarbonyl)amino]propanoate hydrochloride (14) (0.400
g, 1.59 mmol), 1-chloro-5-ﬂuoro-2-methyl-4-nitrobenzene (0.904 g,
4.77 mmol), and triethylamine (0.665 mL, 4.77 mmol) in acetonitrile
(12 mL). Puriﬁcation by ﬂash column chromatography eluting with
0−20% ethyl acetate in dichloromethane gave methyl (2S)-2-
(benzyloxycarbonyl)amino]-3-[(5′-chloro-4′-methyl-2′-nitrophenyl)-
amino]propanoate (15f) as a yellow oil (0.643 g, 96%). IR (neat)
3360, 2951, 1738, 1726, 1626, 1501, 1228, 1217, 978 cm−1; [α]D
23
+23.5 (c 1.0, CHCl3);
1H NMR (400 MHz, CDCl3): δ 2.28 (s, 3H),
3.71 (ddd, J = 13.6, 5.7, 5.3 Hz, 1H), 3.75 (ddd, J = 13.6, 5.7, 5.3 Hz,
1H), 3.80 (s, 3H), 4.65 (dt, J = 6.3, 5.3 Hz, 1H), 5.13 (s, 2H), 5.70
(d, J = 6.3 Hz, 1H), 7.00 (s, 1H), 7.27−7.39 (m, 5H), 8.03 (s, 1H),
8.08 (t, J = 5.7 Hz, 1H); 13C{1H} NMR (101 MHz, CDCl3): δ 18.9
(CH3), 44.7 (CH2), 53.1 (CH3), 53.5 (CH), 67.4 (CH2), 113.8
(CH), 124.2 (C), 128.1 (CH), 128.2 (2 × CH), 128.3 (CH), 128.6
(2 × CH), 131.0 (C), 135.9 (C), 143.6 (C), 143.6 (C), 155.9 (C),
170.5 (C); MS (ESI) m/z: 444 (M + Na+, 100); HRMS (ESI): calcd
for C19H20
35ClN3NaO6 (M + Na
+), 444.0933; found, 444.0916.
General Procedure for the Preparation of Polymer-
Supported Nitrite.13a The polymer-supported nitrite reagent was
prepared by the addition of Amberlyst A26 hydroxide form resin
(10.0 g, 40.0 mmol) to a solution of sodium nitrite (5.50 g, 80.0
mmol) in water (200 mL). The mixture was stirred at room
temperature for 0.5 h. The polymer-supported nitrite was ﬁltered and
washed with water until the pH of the ﬁltrate became neutral. The
content of the polymer-supported nitrite was 3.5 mmol of NO2
− per
g.13a
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-(1H-benzo[d]-
[1.2.3]triazol-1′-yl)propanoate (17a). To a solution of (2S)-2-
[(benzyloxycarbonyl)amino]-3-[(2′-nitrophenyl)amino]propanoate
(15a) (0.320 g, 0.857 mmol) in methanol (12 mL) was added tin(II)
dichloride dihydrate (0.970 g, 4.29 mmol), and the reaction mixture
was stirred under reﬂux for 20 h. After cooling the reaction to ambient
temperature, the solvent was removed in vacuo, and the resulting
residue dissolved in ethyl acetate (50 mL) and mixed with a saturated
solution of aqueous sodium hydrogen carbonate (30 mL). The
biphasic mixture was ﬁltered through a pad of Celite and the organic
layer separated from the aqueous layer. The product was further
extracted from the aqueous layer with ethyl acetate (2 × 30 mL), and
the combined organic layers were washed with brine (50 mL), dried
(MgSO4), ﬁltered, and concentrated in vacuo. Puriﬁcation by ﬂash
column chromatography eluting with 10% ethyl acetate in dichloro-
methane gave methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[(2′-
aminophenyl)amino]propanoate (16a) as a white solid (0.244 g,
83%). This material was then used immediately in the following step.
To a solution of methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[(2′-
aminophenyl)amino]propanoate (16a) (0.244 g, 0.711 mmol) in
acetonitrile (12 mL) at −10 °C was added p-toluenesulfonic acid
(0.405 g, 2.13 mmol) and polymer-supported nitrite (0.609 g
containing 2.13 mmol of NO2
−), and the reaction mixture was stirred
at this temperature for 3 h. The reaction mixture was ﬁltered, and the
resin was washed with dichloromethane (50 mL). The organic layers
were washed with a saturated solution of aqueous sodium hydrogen
carbonate (50 mL) and brine (50 mL), dried (MgSO4), ﬁltered, and
concentrated in vacuo. Puriﬁcation by ﬂash column chromatography
eluting with 10% ethyl acetate in dichloromethane gave methyl (2S)-
2-[(benzyloxycarbonyl)amino]-3-(1H-benzo[d][1.2.3]triazol-1′-yl)-
propanoate (17a) as a white solid (0.148 g, 59%). mp 82−85 °C; IR
(neat) 3325, 2955, 1713, 1504, 1211, 1057, 741 cm−1; [α]D
25 +37.0 (c
0.4, CHCl3);
1H NMR (400 MHz, CDCl3): δ 3.75 (s, 3H), 4.88 (dt, J
= 7.0, 4.4 Hz, 1H), 5.05−5.18 (m, 4H), 5.66 (d, J = 7.0 Hz, 1H),
7.29−7.45 (m, 8H), 8.03 (br d, J = 8.0 Hz, 1H); 13C{1H} NMR (101
MHz, CDCl3): δ 48.7 (CH2), 53.3 (CH3), 54.4 (CH), 67.4 (CH2),
109.2 (CH), 120.2 (CH), 124.2 (CH), 127.9 (CH), 128.3 (2 × CH),
128.5 (CH), 128.7 (2 × CH), 133.9 (C), 136.0 (C), 145.8 (C), 155.8
(C), 169.5 (C); MS (ESI) m/z: 377 (M + Na+, 100); HRMS (ESI):
calcd for C18H18N4NaO4 (M + Na
+), 377.1220; found, 377.1223.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-(6′-methoxy-
1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17b). Methyl (2S)-
2-[(benzyloxycarbonyl)amino]-3-(6′-methoxy-1H-benzo[d][1.2.3]-
triazol-1′-yl)propanoate (17b) was synthesized as described for
methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(1H-benzo[d][1.2.3]-
t r iazo l -1 ′ -y l )propanoate (17a) us ing methy l (2S) -2-
(benzyloxycarbonyl)amino]-3-[(5′-methoxy-2′-nitrophenyl)amino]-
propanoate (15b) (0.270 g, 0.669 mmol) and tin(II) dichloride
dihydrate (0.756 g, 3.35 mmol) in methanol (9.0 mL). Puriﬁcation by
ﬂash column chromatography eluting with 0−20% ethyl acetate in
dichloromethane gave methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-
[(5′-methoxy-2′-aminophenyl)amino]propanoate (16b) as a brown
solid (0.149 g, 60%). The next step was carried out as described
previously using methyl (2S)-2-(benzyloxycarbonyl)amino]-3-[(5′-
methoxy-2′-aminophenyl)amino]propanoate (16b) (0.147 g, 0.394
mmol), p-toluenesulfonic acid (0.224 g, 1.18 mmol) and polymer-
supported nitrite (0.338 g, containing 1.18 mmol of NO2
−) in
acetonitrile (6.0 mL). Puriﬁcation by ﬂash column chromatography
eluting with 0−20% ethyl acetate in dichloromethane gave methyl
(2S)-2-[(benzyloxycarbonyl)amino]-3-(6′-methoxy-1H-benzo[d]-
[1.2.3]triazol-1′-yl)propanoate (17b) as a brown oil (0.056 g, 39%).
IR (neat) 3333, 2953, 1717, 1622, 1505, 1233, 1020, 698 cm−1; [α]D
23
+17.7 (c 1.0, CHCl3);
1H NMR (400 MHz, CDCl3): δ 3.73 (s, 3H),
3.80 (s, 3H), 4.88 (dt, J = 7.6, 4.4 Hz, 1H), 4.99 (dd, J = 14.5, 4.4 Hz,
1H), 5.08 (dd, J = 14.5, 4.4 Hz, 1H), 5.10 (s, 2H), 5.79 (d, J = 7.6 Hz,
1H), 6.80 (d, J = 2.2 Hz, 1H), 6.98 (dd, J = 9.0, 2.2 Hz, 1H), 7.22−
7.40 (m, 5H), 7.85 (d, J = 9.0 Hz, 1H); 13C{1H} NMR (101 MHz,
CDCl3): δ 48.4 (CH2), 53.2 (CH3), 54.1 (CH), 55.7 (CH3), 67.2
(CH2), 89.4 (CH), 116.6 (CH), 120.7 (CH), 128.0 (2 × CH), 128.3
(CH), 128.6 (2 × CH), 134.9 (C), 135.8 (C), 141.0 (C), 155.7 (C),
160.3 (C), 169.5 (C); MS (ESI) m/z: 407 (M + Na+, 100); HRMS
(ESI): calcd for C19H20N4NaO5 (M + Na
+), 407.1326; found,
407.1324.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-(5′-bromo-1H-
benzo[d][1.2.3]triazol-1′-yl)propanoate (17c). Methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-(5′-bromo-1H-benzo[d][1.2.3]triazol-
1′-yl)propanoate (17c) was synthesized as described for methyl (2S)-
2-[(benzyloxycarbonyl)amino]-3-(1H-benzo[d][1.2.3]triazol-1′-yl)-
propanoate (17a) using methyl (2S)-2-(benzyloxycarbonyl)amino]-3-
[(4′-bromo-2′-nitrophenyl)amino]propanoate (15c) (9.00 g, 19.9
mmol) and tin(II) dichloride dihydrate (22.0 g, 99.5 mmol) in
methanol (100 mL). Puriﬁcation by ﬂash column chromatography
eluting with 0−20% ethyl acetate in dichloromethane gave methyl
(2S)-2-(benzyloxycarbonyl)amino]-3-[(4′-bromo-2′-aminophenyl)-
amino]propanoate (16c) as a brown oil (6.42 g, 76%). The next step
was carried out as described previously using methyl (2S)-2-
(benzyloxycarbonyl)amino]-3-[(4′-bromo-2′-aminophenyl)amino]-
propanoate (16c) (6.30 g, 14.9 mmol), p-toluenesulfonic acid (8.50 g,
44.7 mmol) and polymer-supported nitrite (12.8 g, containing 44.7
mmol of NO2
−) in acetonitrile (200 mL). Puriﬁcation by ﬂash column
chromatography eluting with 0−20% ethyl acetate in dichloro-
methane gave methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(5′-
bromo-1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17c) as a white
solid (4.25 g, 66%). mp 110−114 °C; IR (neat) 3321, 2954, 1717,
1512, 1211, 1057, 752 cm−1; [α]D
22 −22.2 (c 1.0, CHCl3); 1H NMR
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(500 MHz, CDCl3): δ 3.77 (s, 3H), 4.84 (dt, J = 6.6, 4.5 Hz, 1H),
5.00−5.20 (m, 4H), 5.69 (d, J = 6.6 Hz, 1H), 7.22−7.47 (m, 7H),
8.15 (d, J = 1.0 Hz, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 48.6
(CH2), 53.3 (CH3), 54.2 (CH), 67.3 (CH2), 110.4 (CH), 117.4 (C),
122.6 (CH), 128.3 (2 × CH), 128.4 (CH), 128.6 (2 × CH), 131.2
(CH), 132.8 (C), 135.8 (C), 146.7 (C), 155.6 (C), 169.1 (C); MS
(ESI) m/z: 455 (M + Na+, 100); HRMS (ESI): calcd for
C18H17
79BrN4NaO4 (M + Na
+), 455.0325; found, 455.0325.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-[5′-(triﬂuoro-
methyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (17d).
Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(triﬂuoromethyl)-
1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (17d) was synthesized
as described for methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(1H-
benzo[d][1.2.3]triazol-1′-yl)propanoate (17a) using methyl (2S)-2-
(benzyloxycarbonyl)amino]-3-{[2′-nitro-4′-(triﬂuoromethyl)phenyl]-
amino}propanoate (15d) (0.290 g, 0.657 mmol) and tin(II)
dichloride dihydrate (0.742 g, 3.29 mmol) in methanol (9.0 mL).
Puriﬁcation by ﬂash column chromatography eluting with 0−20%
ethyl acetate in dichloromethane gave methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-{[2′-amino-4′-(triﬂuoromethyl)-
phenyl]amino}propanoate (16d) as a white solid (0.229 g, 85%). The
next step was carried out as described previously using methyl (2S)-2-
(benzyloxycarbonyl)amino]-3-{[2′-amino-4′-(triﬂuoromethyl)-
phenyl]amino}propanoate (16d) (0.229 g, 5.57 mmol), p-toluene-
sulfonic acid (0.313 g, 1.67 mmol) and polymer-supported nitrite
(0.477 g, containing 1.67 mmol of NO2
−) in acetonitrile (9.0 mL).
Puriﬁcation by ﬂash column chromatography eluting with 20−40%
ethyl acetate in petroleum ether (40−60) gave methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[5′-(triﬂuoromethyl)-1H-benzo[d]-
[1.2.3]triazol-1′-yl]propanoate (17d) as a white solid (0.129 g, 57%).
mp 130−132; IR (neat) 3333, 2957, 1742, 1717, 1526, 1331, 1209,
1123 cm−1; [α]D
23 +12.7 (c 1.0, CHCl3);
1H NMR (500 MHz,
CDCl3): δ 3.79 (s, 3H), 4.85 (dt, J = 6.4, 4.4 Hz, 1H), 5.05 (d, J = 4.4
Hz, 1H), 5.16 (d, J = 4.4 Hz, 1H), 5.18 (s, 2H), 5.65 (d, J = 6.4 Hz,
1H), 7.27−7.43 (m, 5H), 7.48 (d, J = 8.7 Hz, 1H), 7.52 (d, J = 8.7
Hz, 1H), 8.33 (s, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 48.6
(CH2), 53.4 (CH3), 54.3 (CH), 67.4 (CH2), 110.2 (CH), 118.4 (CH,
q, 3JCF = 4.4 Hz), 124.0 (C, q,
1JCF = 272 Hz), 124.5 (CH, q,
3JCF =
3.0 Hz), 126.8 (C, q, 2JCF = 32.9 Hz), 128.4 (2 × CH), 128.5 (CH),
128.6 (2 × CH), 135.3 (C), 135.8 (C), 144.8 (C), 155.6 (C), 169.1
(C); MS (ESI) m/z: 445 (M + Na+, 100); HRMS (ESI): calcd for
C19H17F3N4NaO4 (M + Na
+), 445.1094; found, 445.1095.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-(5′,6′-di-
chloro-1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17e).
Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(5′,6′-dichloro-1H-
benzo[d][1.2.3]triazol-1′-yl)propanoate (17e) was synthesized as
described for methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(1H-
benzo[d][1.2.3]triazol-1′-yl)propanoate (17a) using methyl (2S)-2-
(benzyloxycarbonyl)amino]-3-[(4′,5′-dichloro-2′-nitrophenyl)-
amino]propanoate (15e) (0.440 g, 0.669 mmol) and tin(II)
dichloride dihydrate (1.10 g, 4.98 mmol) in methanol (14 mL).
Puriﬁcation by ﬂash column chromatography eluting with 0−20%
ethyl acetate in dichloromethane gave methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[(4′,5′-dichloro-2′-aminophenyl)-
amino]propanoate (16e) as a brown oil (0.365 g, 89%). The next step
was carried out as described previously using methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[(4′,5′-dichloro-2′-aminophenyl)-
amino]propanoate (16e) (0.365 g, 0.889 mmol), p-toluenesulfonic
acid (0.508 g, 2.67 mmol), and polymer-supported nitrite (0.762 g,
containing 2.67 mmol of NO2
−) in acetonitrile (14 mL). Puriﬁcation
by ﬂash column chromatography eluting with 0−20% ethyl acetate in
dichloromethane gave methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-
(5′,6′-dichloro-1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17e) as
a white solid (0.304 g, 82%). mp 98−100 °C; IR (neat) 3322, 2957,
1709, 1514, 1434, 1208, 751 cm−1; [α]D
23 +11.2 (c 1.0, CHCl3);
1H
NMR (400 MHz, CDCl3): δ 3.76 (s, 3H), 4.84 (dt, J = 7.0, 4.5 Hz,
1H), 4.97−5.15 (m, 4H), 6.00−6.13 (m, 1H), 7.21−7.36 (m, 5H),
7.67 (s, 1H), 8.01 (s, 1H); 13C{1H} NMR (101 MHz, CDCl3): δ 48.8
(CH2), 53.3 (CH3), 54.2 (CH), 67.5 (CH2), 110.7 (CH), 120.8
(CH), 128.0 (2 × CH), 128.3 (CH), 128.6 (2 × CH), 128.9 (C),
132.9 (2 × C), 135.7 (C), 144.3 (C), 155.8 (C), 169.2 (C); MS
(ESI) m/z: 445 (M + Na+, 100); HRMS (ESI): calcd for
C18H16
35Cl2N4NaO4 (M + Na
+), 445.0441; found, 445.0432.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-(6′-chloro-5′-
methyl-1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17f).
Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(6′-chloro-5′-methyl-
1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17f) was synthesized as
described for methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(1H-
benzo[d][1.2.3]triazol-1′-yl)propanoate (17a) using methyl (2S)-2-
(benzyloxycarbonyl)amino]-3-[(5′-chloro-4′-methyl-2′-nitrophenyl)-
amino]propanoate (15f) (0.520 g, 1.23 mmol) and tin(II) dichloride
dihydrate (1.40 g, 6.15 mmol) in methanol (17 mL). Puriﬁcation by
ﬂash column chromatography, eluting with 0−20% ethyl acetate in
dichloromethane, gave methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-
[(5′-chloro-4′-methyl-2′-aminophenyl)amino]propanoate (16f) as a
brown oil (0.315 g, 65%). The next step was carried out as described
previously using methyl (2S)-2-(benzyloxycarbonyl)amino]-3-[(5′-
chloro-4′-methyl-2′-aminophenyl)amino]propanoate (16f) (0.315 g,
0.803 mmol), p-toluenesulfonic acid (0.458 g, 2.41 mmol), and
polymer-supported nitrite (0.689 g, containing 2.41 mmol of NO2
−)
in acetonitrile (13 mL). Puriﬁcation by ﬂash column chromatography
eluting with 0−20% ethyl acetate in dichloromethane gave methyl
(2S)-2-[(benzyloxycarbonyl)amino]-3-(6′-chloro-5′-methyl-1H-
benzo[d][1.2.3]triazol-1′-yl)propanoate (17f) as a white solid (0.247
g, 78%). mp 86−88 °C; IR (neat) 3310, 2955, 1747, 1713, 1516,
1437, 1213, 754 cm−1; [α]D
23 +13.7 (c 1.0, CHCl3);
1H NMR (500
MHz, CDCl3): δ 2.40 (s, 3H), 3.74 (s, 3H), 4.84 (dt, J = 7.4, 4.8 Hz,
1H), 5.03 (br d, J = 4.8 Hz, 2H), 5.08 (s, 2H), 6.08−6.23 (m, 1H),
7.18−7.38 (m, 5H), 7.52 (s, 1H), 7.70 (s, 1H); 13C{1H} NMR (101
MHz, CDCl3): δ 20.7 (CH3), 48.5 (CH2), 53.1 (CH3), 54.2 (CH),
67.3 (CH2), 109.2 (CH), 120.3 (CH), 128.1 (2 × CH), 128.3 (CH),
128.5 (2 × CH), 132.5 (C), 132.9 (C), 135.3 (C), 135.8 (C), 144.4
(C), 155.8 (C), 169.4 (C); MS (ESI) m/z: 425 (M + Na+, 100);
HRMS (ESI): calcd for C19H19
35ClN4NaO4 (M + Na
+), 425.0987;
found, 425.0975.
(2S)-2-Amino-3-(1H-benzo[d][1.2.3]triazol-1′-yl)propanoic
Acid Hydrochloride (18a). A solution of methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-(1H-benzo[d][1.2.3]triazol-1′-yl)-
propanoate (17a) (0.0830 g, 0.236 mmol) in 6 M aqueous
hydrochloric acid solution (10 mL) was heated under reﬂux for 20
h. After cooling to ambient temperature, the reaction mixture was
concentrated in vacuo, and the resulting residue recrystallized from
methanol and diethyl ether to aﬀord (2S)-2-amino-3-(1H-benzo[d]-
[1.2.3]triazol-1′-yl)propanoic acid hydrochloride (18a) as a pale
brown solid (0.054 g, 94%). mp 190−192 °C; IR (neat) 2893, 2739,
1728, 1234, 1165, 756 cm−1; [α]D
24 +11.9 (c 0.7, MeOH); 1H NMR
(400 MHz, CD3OD): δ 4.79 (dd, J = 5.8, 4.1 Hz, 1H), 5.26 (dd, J =
15.5, 4.1 Hz, 1H), 5.37 (dd, J = 15.5, 5.8 Hz, 1H), 7.49 (ddd, J = 8.4,
7.0, 0.9 Hz, 1H), 7.63 (ddd, J = 8.5, 7.0, 0.9 Hz, 1H), 7.84 (dt, J = 8.5,
0.9 Hz, 1H), 8.05 (dt, J = 8.4, 0.9 Hz, 1H); 13C{1H} NMR (101
MHz, CD3OD): δ 48.0 (CH2), 53.5 (CH), 111.1 (CH), 120.3 (CH),
126.0 (CH), 129.5 (CH), 134.9 (C), 146.8 (C), 168.9 (C); MS (ESI)
m/z: 229 (M + Na+, 100); HRMS (ESI): calcd for C9H10N4NaO2 (M
+ Na+), 229.0696; found, 229.0706.
(2S)-2-Amino-3-(6′-methoxy-1H-benzo[d][1.2.3]triazol-1′-
yl)propanoic Acid Hydrochloride (18b). (2S)-2-Amino-3-(6′-
methoxy-1H-benzo[d][1.2.3]triazol-1′-yl)propanoic acid hydrochlor-
ide (18b) was synthesized as described for (2S)-2-amino-3-(1H-
benzo[d][1.2.3]triazol-1′-yl)propanoic acid hydrochloride (18a)
using methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(6′-methoxy-
1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17b) (0.056 g, 0.146
mmol) in 6 M aqueous hydrochloric acid solution (11 mL).
Puriﬁcation by recrystallization from methanol and diethyl ether
gave (2S)-2-amino-3-(6′-methoxy-1H-benzo[d][1.2.3]triazol-1′-yl)-
propanoic acid hydrochloride (18b) as a pale brown solid (0.023 g,
67%). mp 179−180 °C (decomposition); IR (neat) 3403, 2895, 1746,
1624, 1506, 1236, 820 cm−1; [α]D
24 +7.3 (c 1.0, MeOH); 1H NMR
(400 MHz, CD3OD): δ 4.77 (dd, J = 5.4, 4.2 Hz, 1H), 5.21 (dd, J =
15.4, 4.2 Hz, 1H), 5.31 (dd, J = 15.4, 5.4 Hz, 1H), 7.08 (dd, J = 9.1,
2.2 Hz, 1H), 7.25 (d, J = 2.2 Hz, 1H), 7.86 (d, J = 9.1 Hz, 1H);
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13C{1H} NMR (101 MHz, CD3OD): δ 46.4 (CH2), 52.2 (CH), 55.2
(CH3), 89.9 (CH), 117.3 (CH), 119.5 (CH), 134.9 (C), 140.6 (C),
160.9 (C), 167.7 (C); MS (ESI) m/z: 259 (M + Na+, 100); HRMS
(ESI): calcd for C10H12N4NaO3 (M + Na
+), 259.0802; found,
259.0808.
(2S)-2-Amino-3-(5′-bromo-1H-benzo[d][1.2.3]triazol-1′-yl)-
propanoic Acid Hydrochloride (18c). (2S)-2-Amino-3-(5′-bromo-
1H-benzo[d][1.2.3]triazol-1′-yl)propanoic acid hydrochloride (18c)
was synthesized as described for (2S)-2-amino-3-(1H-benzo[d]-
[1.2.3]triazol-1′-yl)propanoic acid hydrochloride (18a) using methyl
(2S)-2-[(benzyloxycarbonyl)amino]-3-(5′-bromo-1H-benzo[d]-
[1.2.3]triazol-1′-yl)propanoate (17c) (0.200 g, 0.462 mmol) in 6 M
aqueous hydrochloric acid solution (20 mL). Puriﬁcation by
recrystallization from methanol and diethyl ether gave (2S)-2-
amino-3-(5′-bromo-1H-benzo[d][1.2.3]triazol-1′-yl)propanoic acid
hydrochloride (18c) as a pale brown solid (0.103 g, 78%). mp
168−172 °C; IR (neat) 3387, 2847, 1744, 1474, 1211, 802 cm−1;
[α]D
22 +9.1 (c 0.7, MeOH); 1H NMR (500 MHz, CD3OD): δ 4.74
(dd, J = 5.9, 4.0 Hz, 1H), 5.24 (dd, J = 15.5, 4.0 Hz, 1H), 5.34 (dd, J
= 15.5, 5.9 Hz, 1H), 7.73 (dd, J = 8.8, 1.7 Hz, 1H), 7.78 (dd, J = 8.8,
0.5 Hz, 1H), 8.26 (dd, J = 1.7, 0.5 Hz, 1H); 13C{1H} NMR (126
MHz, CD3OD): δ 48.3 (CH2), 53.6 (CH), 112.9 (CH), 119.0 (C),
123.1 (CH), 132.7 (CH), 134.0 (C), 148.1 (C), 169.0 (C); MS (ESI)
m/z: 285 (M + H+, 100); HRMS (ESI): calcd for C9H10
79BrN4O2 (M
+ H+), 284.9982; found, 284.9978.
(2S)-2-Amino-3-[5′-(triﬂuoromethyl)-1H-benzo[d][1.2.3]-
triazol-1′-yl]propanoic Acid Hydrochloride (18d). (2S)-2-
Amino-3-[5′-(triﬂuoromethyl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoic acid hydrochloride (18d) was synthesized as described for
(2S)-2-amino-3-(1H-benzo[d][1.2.3]triazol-1′-yl)propanoic acid hy-
drochloride (18a) using methyl (2S)-2-[(benzyloxycarbonyl)amino]-
3-[5′-(triﬂuoromethyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate
(17d) (0.120 g, 0.284 mmol) in 6 M aqueous hydrochloric acid
solution (20 mL). Puriﬁcation by recrystallization from methanol and
diethyl ether gave (2S)-2-amino-3-[5′-(triﬂuoromethyl)-1H-benzo-
[d][1.2.3]triazol-1′-yl]propanoic acid hydrochloride (18d) as a pale
brown solid (0.046 g, 59%). mp 185−187 °C (decomposition); IR
(neat) 3381, 2916, 1743, 1331, 1215, 1125, 816 cm−1; [α]D
24 +12.0 (c
1.0, MeOH); 1H NMR (400 MHz, CD3OD): δ 4.83 (br t, J = 4.7 Hz,
1H), 5.36 (dd, J = 15.5, 4.7 Hz, 1H), 5.45 (dd, J = 15.5, 4.7 Hz, 1H),
7.88 (dd, J = 8.8, 0.9 Hz, 1H), 8.09 (d, J = 8.8 Hz, 1H), 8.42 (br s,
1H); 13C{1H} NMR (101 MHz, CD3OD): δ 47.0 (CH2), 52.2 (CH),
111.6 (CH), 117.3 (CH, q, 3JCF = 4.5 Hz), 124.2 (C, q,
1JCF = 271
Hz), 124.3 (CH, q, 3JCF = 3.2 Hz), 126.8 (C, q,
2JCF = 32.7 Hz), 135.2
(C), 144.7 (C), 167.6 (C); MS (ESI) m/z: 297 (M + Na+, 100);
HRMS (ESI): calcd for C10H9F3N4NaO2 (M + Na
+), 297.0570;
found, 297.0574.
(2S)-2-Amino-3-(5′,6′-dichloro-1H-benzo[d][1.2.3]triazol-1′-
yl)propanoic Acid Hydrochloride (18e). (2S)-2-Amino-3-(5′,6′-
dichloro-1H-benzo[d][1.2.3]triazol-1′-yl)propanoic acid hydrochlor-
ide (18e) was synthesized as described for (2S)-2-amino-3-(1H-
benzo[d][1.2.3]triazol-1′-yl)propanoic acid hydrochloride (18a)
using methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(5′,6′-dichloro-
1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17e) (0.290 g, 0.685
mmol) in 6 M aqueous hydrochloric acid solution (48 mL).
Puriﬁcation by recrystallization from methanol and diethyl ether
gave (2S)-2-amino-3-(5′,6′-dichloro-1H-benzo[d][1.2.3]triazol-1′-
yl)propanoic acid hydrochloride (18e) as a pale brown solid (0.167
g, 88%). mp 180−182 °C (decomposition); IR (neat) 3381, 2875,
1740, 1507, 1434, 1214, 822 cm−1; [α]D
23 +11.4 (c 1.0, MeOH); 1H
NMR (400 MHz, CD3OD): δ 4.81 (br t, J = 4.8 Hz, 1H), 5.29 (dd, J
= 15.5, 4.8 Hz, 1H), 5.38 (dd, J = 15.5, 4.8 Hz, 1H), 8.18 (s, 1H),
8.24 (s, 1H); 13C{1H} NMR (101 MHz, CD3OD): δ 47.0 (CH2),
52.1 (CH), 111.8 (CH), 120.1 (CH), 128.9 (C), 132.6 (C), 132.7
(C), 144.4 (C), 167.5 (C); MS (ESI) m/z: 297 (M + Na+, 100);
HRMS (ESI): calcd for C9H8
35Cl2N4NaO2 (M + Na
+), 296.9917;
found, 296.9915.
(2S)-2-Amino-3-(6′-chloro-5′-methyl-1H-benzo[d][1.2.3]-
triazol-1′-yl)propanoic Acid Hydrochloride (18f). (2S)-2-
Amino-3-(6′-chloro-5′-methyl-1H-benzo[d][1.2.3]triazol-1′-yl)-
propanoic acid hydrochloride (18f) was synthesized as described for
(2S)-2-amino-3-(1H-benzo[d][1.2.3]triazol-1′-yl)propanoic acid hy-
drochloride (18a) using methyl (2S)-2-[(benzyloxycarbonyl)amino]-
3-(6′-chloro-5′-methyl-1H-benzo[d][1.2.3]triazol-1′-yl)propanoate
(17f) (0.240 g, 0.596 mmol) in 6 M aqueous hydrochloric acid
solution (42 mL). Puriﬁcation by recrystallization from methanol and
diethyl ether gave (2S)-2-amino-3-(6′-chloro-5′-methyl-1H-benzo[d]-
[1.2.3]triazol-1′-yl)propanoic acid hydrochloride (18f) as a pale
brown solid (0.139 g, 92%). mp 199−201 °C (decomposition); IR
(neat) 3376, 2951, 1744, 1454, 1228, 1001, 865 cm−1; [α]D
23 +11.1 (c
1.0, MeOH); 1H NMR (400 MHz, CD3OD): δ 2.53 (s, 3H), 4.78
(dd, J = 5.5, 4.2 Hz, 1H), 5.22 (dd, J = 15.5, 4.2 Hz, 1H), 5.32 (dd, J
= 15.5, 5.5 Hz, 1H), 7.94 (s, 1H), 7.95 (s, 1H); 13C{1H} NMR (101
MHz, CD3OD): δ 19.4 (CH3), 46.7 (CH2), 52.1 (CH), 110.0 (CH),
119.6 (CH), 132.7 (C), 133.3 (C), 135.5 (C), 144.5 (C), 167.5 (C);
MS (ESI) m/z: 255 (M + H+, 100); HRMS (ESI): calcd for
C10H12
35ClN4O2 (M + H
+), 255.0643; found, 255.0651.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-[5′-(4″-me-
thoxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate
(19a). To a vial containing 4-methoxyphenylboronic acid (0.105 g,
0.693 mmol), potassium ﬂuoride (0.0805 g, 1.39 mmol), and [1,1′-
bis(diphenylphosphino)ferrocene]palladium(II) dichloride−dichloro-
methane complex (0.0289 g, 0.0346 mmol) were added a solution of
methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(5′-bromo-1H-benzo-
[d][1.2.3]triazol-1′-yl)propanoate (17c) (0.200 g, 0.462 mmol) in
1,4-dioxane (3.6 mL) and water (0.4 mL). The reaction mixture was
degassed with argon for 0.15 h, and the vial was sealed under argon
and stirred at 80 °C for 20 h. The reaction mixture was ﬁltered
through Celite and washed with ethyl acetate (50 mL). The ﬁltrate
was washed with 1 M aqueous hydrochloric acid (50 mL), water (50
mL), and brine (50 mL), dried (MgSO4), and concentrated in vacuo
to give the crude product. Puriﬁcation with ﬂash chromatography
using silica gel eluting with 15% diethyl ether in dichloromethane gave
methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(4″-methoxyphen-
yl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (19a) as a white solid
(0.179 g, 84%). mp 139−142 °C; IR (neat) 3333, 2932, 1721, 1605,
1512, 1342, 1250, 1026 cm−1; [α]D
21 +7.6 (c 1.0, CHCl3);
1H NMR
(400 MHz, CDCl3): δ 3.77 (s, 3H), 3.87 (s, 3H), 4.89 (dt, J = 7.2, 4.3
Hz, 1H), 5.04−5.22 (m, 4H), 5.68 (d, J = 7.2 Hz, 1H), 7.02 (d, J =
8.8 Hz, 2H), 7.28−7.40 (m, 5H), 7.43 (br d, J = 8.7 Hz, 1H), 7.55 (d,
J = 8.8 Hz, 2H), 7.59 (dd, J = 8.7, 1.5 Hz, 1H), 8.13 (dd, J = 1.5, 0.7
Hz, 1H); 13C{1H} NMR (101 MHz, CDCl3): δ 48.6 (CH2), 53.2
(CH3), 54.3 (CH), 55.4 (CH3), 67.3 (CH2), 109.2 (CH), 114.4 (2 ×
CH), 117.2 (CH), 127.9 (CH), 128.3 (2 × CH), 128.4 (CH), 128.5
(2 × CH), 128.6 (2 × CH), 132.9 (2 × C), 135.9 (C), 137.6 (C),
146.5 (C), 155.7 (C), 159.4 (C), 169.3 (C); MS (ESI) m/z: 483 (M
+ Na+, 100); HRMS (ESI): calcd for C25H24N4NaO5 (M + Na
+),
483.1639; found, 483.1623.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-[5′-(3″,4″-
methylenedioxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoate (19b). Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-
[5′-(3″,4″-methylenedioxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoate (19b) was synthesized as described for methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[5′-(4″-methoxyphenyl)-1H-benzo-
[d][1.2.3]triazol-1′-yl]propanoate (19a) using methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-(5′-bromo-1H-benzo[d][1.2.3]triazol-
1 ′ -yl)propanoate (17c) (0.104 g, 0 .239 mmol), 3 ,4-
(methylenedioxy)phenylboronic acid (0.0793 g, 0.478 mmol), [1,1′-
bis(diphenylphosphino)ferrocene]palladium(II) dichloride-dichloro-
methane complex (0.0146 g, 0.0179 mmol), and potassium ﬂuoride
(0.0417 g, 0.717 mmol) in dioxane (3.6 mL) and water (0.4 mL).
Puriﬁcation with ﬂash chromatography using silica gel eluting with 5%
diethyl ether in dichloromethane gave methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[5′-(3″,4″-methylenedioxyphenyl)-
1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (19b) as a white solid
(0.0926 g, 82%). mp 160−162 °C; IR (neat) 3322, 2930, 1711, 1510,
1480, 1225, 1038, 799, 735 cm−1; [α]D
24 +13.4 (c 1.0, CHCl3);
1H
NMR (400 MHz, CDCl3): δ 3.78 (s, 3H), 4.89 (dt, J = 7.0, 4.3 Hz,
1H), 5.03−5.22 (m, 4H), 5.65 (d, J = 7.0 Hz, 1H), 6.03 (s, 2H), 6.92
(dd, J = 7.5, 0.9 Hz, 1H), 7.04−7.11 (m, 2H), 7.29−7.40 (m, 5H),
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7.42 (br d, J = 8.6 Hz, 1H), 7.54 (dd, J = 8.6, 1.3 Hz, 1H), 8.10 (d, J =
1.3 Hz, 1H); 13C{1H} NMR (101 MHz, CDCl3): δ 48.6 (CH2), 53.3
(CH3), 54.3 (CH), 67.3 (CH2), 101.3 (CH2), 108.0 (CH), 108.7
(CH), 109.2 (CH), 117.4 (CH), 121.1 (CH), 128.0 (CH), 128.3 (2
× CH), 128.4 (CH), 128.6 (2 × CH), 133.1 (C), 134.7 (C), 135.9
(C), 137.7 (C), 146.4 (C), 147.4 (C), 148.3 (C), 155.7 (C), 169.3
(C); MS (ESI) m/z: 497 (M + Na+, 100); HRMS (ESI): calcd for
C25H22N4NaO6 (M + Na
+), 497.1432; found, 497.1411.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-[5′-(4″-mor-
pholinophenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate
(19c). Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(4″-mor-
pholinophenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (19c)
was synthesized as described for methyl (2S)-2-[(benzyloxycarbonyl)-
amino]-3-[5′-(4″-methoxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoate (19a) using methyl (2S)-2-[(benzyloxycarbonyl)amino]-
3-(5′-bromo-1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17c)
(0.0810 g, 0.187 mmol), 4-morpholinophenylboronic acid (0.116 g,
0.561 mmol), [1,1′-bis(diphenylphosphino)ferrocene]palladium(II)
dichloride-dichloromethane complex (0.0115 g, 0.0140 mmol), and
potassium ﬂuoride (0.0326 g, 0.561 mmol) in dioxane (3.6 mL) and
water (0.4 mL). Puriﬁcation with ﬂash chromatography using silica
gel eluting with 20% diethyl ether in dichloromethane gave methyl
(2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(4″-morpholinophenyl)-
1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (19c) as a white solid
(0.0578 g, 60%). mp 159−160 °C; IR (neat) 3302, 2953, 1744, 1717,
1522, 1485, 1227, 1117, 926, 729 cm−1; [α]D
20 +5.3 (c 1.0, CHCl3);
1H NMR (400 MHz, CDCl3): δ 3.23 (t, J = 4.5 Hz, 4H), 3.76 (s,
3H), 3.90 (t, J = 4.5 Hz, 4H), 4.88 (dt, J = 7.1, 4.3 Hz, 1H), 5.04−
5.24 (m, 4H), 5.76 (d, J = 7.1 Hz, 1H), 7.04 (d, J = 8.5 Hz, 2H),
7.29−7.39 (m, 5H), 7.43 (d, J = 8.7 Hz, 1H), 7.55 (d, J = 8.5 Hz,
2H), 7.59 (dd, J = 8.7, 1.4 Hz, 1H), 8.13 (br s, 1H); 13C{1H} NMR
(101 MHz, CDCl3): δ 48.6 (CH2), 49.3 (2 × CH2), 53.2 (CH3), 54.3
(CH), 66.7 (2 × CH2), 67.3 (CH2), 109.2 (CH), 116.1 (2 × CH),
116.9 (CH), 127.7 (CH), 128.2 (2 × CH), 128.3 (3 × CH), 128.6 (2
× CH), 132.0 (C), 132.9 (C), 135.9 (C), 137.5 (C), 146.6 (C), 150.5
(C), 155.7 (C), 169.4 (C); MS (ESI) m/z: 538 (M + Na+, 100);
HRMS (ESI): calcd for C28H29N5NaO5 (M + Na
+), 538.2061; found,
538.2039.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-[5′-(4″-nitro-
phenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (19d).
Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(4″-nitrophenyl)-
1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (19d) was synthesized
as described for methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-
(4″-methoxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate
(19a) using methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(5′-
bromo-1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17c) (0.105 g,
0.241 mmol), 4-nitrophenylboronic acid (0.0806 g, 0.483 mmol),
[1,1′-bis(diphenylphosphino)ferrocene]palladium(II) dichloride−di-
chloromethane complex (0.0148 g, 0.0181 mmol), and potassium
ﬂuoride (0.0420 g, 0.723 mmol) in dioxane (3.6 mL) and water (0.4
mL). Puriﬁcation with ﬂash chromatography using silica gel eluting
with 5% diethyl ether in dichloromethane gave methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[5′-(4″-nitrophenyl)-1H-benzo[d]-
[1.2.3]triazol-1′-yl]propanoate (19d) as a white solid (0.0805 g,
70%). mp 178−180 °C; IR (neat) 3480, 2950, 1721, 1512, 1342,
1219, 748 cm−1; [α]D
20 −46.3 (c 1.0, CHCl3); 1H NMR (400 MHz,
CDCl3): δ 3.81 (s, 3H), 4.90 (dt, J = 6.8, 4.2 Hz, 1H), 5.02−5.25 (m,
4H), 5.60 (d, J = 6.8 Hz, 1H), 7.30−7.42 (m, 5H), 7.52 (br d, J = 8.7
Hz, 1H), 7.60 (dd, J = 8.7, 1.3 Hz, 1H), 7.77 (d, J = 8.9 Hz, 2H), 8.27
(dd, J = 1.3, 0.8 Hz, 1H), 8.35 (d, J = 8.9 Hz, 2H); 13C{1H} NMR
(101 MHz, CDCl3): δ 48.7 (CH2), 53.4 (CH3), 54.3 (CH), 67.3
(CH2), 110.0 (CH), 118.9 (CH), 124.3 (2 × CH), 127.7 (CH),
128.2 (2 × CH), 128.3 (2 × CH), 128.4 (CH), 128.6 (2 × CH),
134.0 (C), 135.4 (C), 135.9 (C), 146.3 (C), 146.8 (C), 147.3 (C),
155.6 (C), 169.2 (C); MS (ESI) m/z: 498 (M + Na+, 100); HRMS
(ESI): calcd for C24H21N5NaO6 (M + Na
+), 498.1384; found,
498.1365.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-[5′-(naphtha-
len-2″-yl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (19e).
Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(naphthalen-2″-
yl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (19e) was synthe-
sized as described for methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-
[5′-(4″-methoxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate
(19a) using methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(5′-
bromo-1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17c) (0.105 g,
0.242 mmol), 2-naphthylboronic acid (0.0834 g, 0.485 mmol), [1,1′-
bis(diphenylphosphino)ferrocene]palladium(II) dichloride−dichloro-
methane complex (0.0148 g, 0.0182 mmol), and potassium ﬂuoride
(0.0422 g, 0.726 mmol) in dioxane (3.6 mL) and water (0.4 mL).
Puriﬁcation with ﬂash chromatography using silica gel eluting with 5%
diethyl ether in dichloromethane gave methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[5′-(naphthalen-2″-yl)-1H-benzo[d]-
[1.2.3]triazol-1′-yl]propanoate (19e) as a white solid (0.105 g, 91%).
mp 72−74 °C; IR (neat) 3335, 2950, 1713, 1508, 1211, 1018, 777,
729 cm−1; [α]D
20 +11.7 (c 1.0, CHCl3);
1H NMR (400 MHz, CDCl3):
δ 3.81 (s, 3H), 4.93 (dt, J = 7.1, 4.3 Hz, 1H), 5.02−5.27 (m, 4H),
5.76 (d, J = 7.1 Hz, 1H), 7.25−7.62 (m, 11H), 7.81 (d, J = 8.4 Hz,
1H), 7.90 (br d, J = 8.4 Hz, 1H), 7.93 (d, J = 8.1 Hz, 1H), 8.13 (br s,
1H); 13C{1H} NMR (101 MHz, CDCl3): δ 48.7 (CH2), 53.3 (CH3),
54.3 (CH), 67.3 (CH2), 108.7 (CH), 120.8 (CH), 125.4 (CH), 125.7
(CH), 126.0 (CH), 126.3 (CH), 127.5 (CH), 128.1 (CH), 128.2 (2
× CH), 128.4 (2 × CH), 128.6 (2 × CH), 130.7 (CH), 131.7 (C),
133.2 (C), 133.8 (C), 135.9 (C), 137.1 (C), 139.1 (C), 146.0 (C),
155.7 (C), 169.4 (C); MS (ESI) m/z: 503 (M + Na+, 100); HRMS
(ESI): calcd for C28H24N4NaO4 (M + Na
+), 503.1690; found,
503.1671.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-[5′-(thiophen-
3″-yl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (19f). Methyl
(2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(thiophen-3″-yl)-1H-
benzo[d][1.2.3]triazol-1′-yl]propanoate (19f) was synthesized as
described for methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(4″-
methoxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (19a)
using methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(5′-bromo-1H-
benzo[d][1.2.3]triazol-1′-yl)propanoate (17c) (0.111 g, 0.256
mmol), 3-thiopheneboronic acid (0.0654 g, 0.511 mmol), [1,1′-
bis(diphenylphosphino)ferrocene]palladium(II) dichloride−dichloro-
methane complex (0.0157 g, 0.0192 mmol), and potassium ﬂuoride
(0.0446 g, 0.768 mmol) in dioxane (3.6 mL) and water (0.4 mL).
Puriﬁcation with ﬂash chromatography using silica gel eluting with 5%
diethyl ether in dichloromethane gave methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[5′-(thiophen-3″-yl)-1H-benzo[d]-
[1.2.3]triazol-1′-yl]propanoate (19f) as a white solid (0.0826 g, 74%).
mp 144−145 °C; IR (neat) 3321, 2957, 1744, 1713, 1514, 1214, 788
cm−1; [α]D
23 +18.0 (c 1.0, CHCl3);
1H NMR (400 MHz, CDCl3): δ
3.77 (s, 3H), 4.89 (dt, J = 7.1, 4.3 Hz, 1H), 5.02−5.25 (m, 4H), 5.64
(d, J = 7.1 Hz, 1H), 7.28−7.47 (m, 8H), 7.49 (dd, J = 2.8, 1.5 Hz,
1H), 7.62 (dd, J = 8.7, 1.3 Hz, 1H), 8.20 (dd, J = 1.3, 0.7 Hz, 1H);
13C{1H} NMR (101 MHz, CDCl3): δ 48.6 (CH2), 53.3 (CH3), 54.3
(CH), 67.3 (CH2), 109.4 (CH), 116.9 (CH), 120.9 (CH), 126.5
(CH), 126.7 (CH), 127.5 (CH), 128.3 (2 × CH2), 128.4 (CH),
128.6 (2 × CH2), 132.5 (C), 133.1 (C), 135.9 (C), 141.5 (C), 146.4
(C), 155.7 (C), 169.3 (C); MS (ESI) m/z: 459 (M + Na+, 100);
HRMS (ESI): calcd for C22H20N4NaO4S (M + Na
+), 459.1097;
found, 459.1081.
(2S)-2-Amino-3-[5′-(4″-methoxyphenyl)-1H-benzo[d]-
[1.2.3]triazol-1′-yl]propanoic Acid Hydrochloride (21a). To a
solution of methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(4″-
methoxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoate (19a)
(0.155 g, 0.336 mmol) in a mixture of methanol (12 mL) and 1,4-
dioxane (6 mL) was added a solution of cesium carbonate (0.142 g,
0.436 mmol) in water (6 mL). The reaction mixture was stirred at
room temperature for 20 h and then concentrated in vacuo. The
resulting residue was dissolved in water (100 mL) and acidiﬁed to pH
1 with 1 M aqueous hydrochloric acid. The aqueous layer was
extracted with dichloromethane (3 × 30 mL), and the combined
organic layers were washed with 1 M aqueous hydrochloric acid (50
mL), dried (MgSO4), and concentrated in vacuo to give (2S)-2-
[(benzyloxycarbonyl)amino]-3-[5′-(4″-methoxyphenyl)-1H-benzo-
[d][1.2.3]triazol-1′-yl]propanoic acid (20a) as a white solid. This was
used for the next reaction without any further puriﬁcation. The
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resulting solid was dissolved in 1,4-dioxane (1 mL), and 6 M aqueous
hydrochloric acid (5 mL) was added. The reaction mixture was
heated under reﬂux for 1 h and then concentrated in vacuo to give the
crude product. Puriﬁcation by recrystallization from methanol and
diethyl ether gave (2S)-2-amino-3-[5′-(4″-methoxyphenyl)-1H-
benzo[d][1.2.3]triazol-1′-yl]propanoic acid hydrochloride (21a) as
a white solid (0.0906 g, 77%). mp 214−216 °C; IR (neat) 2832,
1744, 1612, 1489, 1250, 810 cm−1; [α]D
20 +6.5 (c 0.5, MeOH); 1H
NMR (400 MHz, CD3OD): δ 3.85 (s, 3H), 4.79 (dd, J = 5.7, 4.1 Hz,
1H), 5.27 (dd, J = 15.5, 4.1 Hz, 1H), 5.37 (dd, J = 15.5, 5.7 Hz, 1H),
7.04 (d, J = 8.8 Hz, 2H), 7.63 (d, J = 8.8 Hz, 2H), 7.81−7.92 (m,
2H), 8.15 (br s, 1H); 13C{1H} NMR (101 MHz, CD3OD): δ 46.8
(CH2), 52.2 (CH), 54.4 (CH3), 110.0 (CH), 114.1 (2 × CH), 115.6
(CH), 128.0 (CH), 128.1 (2 × CH), 132.4 (C), 132.6 (C), 138.4
(C), 146.3 (C), 159.8 (C), 167.6 (C); MS (ESI) m/z: 313 (M + H+,
100); HRMS (ESI): calcd for C16H17N4O3 (M + H
+), 313.1295;
found, 313.1290.
(2S)-2-Amino-3-[5′-(3″,4″-methylenedioxyphenyl)-1H-
benzo[d][1.2.3]triazol-1′-yl]propanoic Acid Hydrochloride
(21b). (2S)-2-Amino-3-[5′-(3″,4″-methylenedioxyphenyl)-1H-benzo-
[d][1.2.3]triazol-1′-yl]propanoic acid hydrochloride (21b) was
synthesized as described for (2S)-2-amino-3-[5′-(4″-methoxyphen-
yl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoic acid hydrochloride
(21a) using methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-
(3″,4″-methylenedioxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoate (19b) (0.0898 g, 0.189 mmol) and cesium carbonate
(0.0801 g, 0.246 mmol). Puriﬁcation by recrystallization from
methanol and diethyl ether gave (2S)-2-amino-3-[5′-(3″,4″-methyl-
enedioxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoic acid hy-
drochloride (21b) as a white solid (0.0610 g, 89%). mp 203−205 °C;
IR (neat) 2886, 1724, 1479, 1248, 1227, 1038, 800 cm−1; [α]D
20 +17.4
(c 0.5, MeOH); 1H NMR (400 MHz, CD3OD): δ 4.80 (dd, J = 5.7,
4.1 Hz, 1H), 5.27 (dd, J = 15.5, 4.1 Hz, 1H), 5.37 (dd, J = 15.5, 5.7
Hz, 1H), 6.01 (s, 2H), 6.94 (d, J = 7.8, 0.5 Hz, 1H), 7.14−7.26 (m,
2H), 7.81−7.95 (m, 2H), 8.14 (br s, 1H); 13C{1H} NMR (101 MHz,
CD3OD): δ 46.7 (CH2), 52.2 (CH), 101.3 (CH2), 107.3 (CH), 108.3
(CH), 109.9 (CH), 116.0 (CH), 120.8 (CH), 128.1 (CH), 132.7
(C), 134.3 (C), 138.5 (C), 146.2 (C), 147.7 (C), 148.5 (C), 167.5
(C); MS (ESI) m/z: 327 (M + H+, 100); HRMS (ESI): calcd for
C16H15N4O4 (M + H
+), 327.1088; found, 327.1074.
(2S)-2-Amino-3-[5′-(4″-morpholinophenyl)-1H-benzo[d]-
[1.2.3]triazol-1′-yl]propanoic Acid Hydrochloride (21c). (2S)-2-
Amino-3-[5′-(4″-morpholinophenyl)-1H-benzo[d][1.2.3]triazol-1′-
yl]propanoic acid hydrochloride (21c) was synthesized as described
for (2S)-2-amino-3-[5′-(4″-methoxyphenyl)-1H-benzo[d][1.2.3]-
triazol-1′-yl]propanoic acid hydrochloride (21a) using methyl (2S)-
2-[(benzyloxycarbonyl)amino]-3-[5′-(4″-morpholinophenyl)-1H-
benzo[d][1.2.3]triazol-1′-yl]propanoate (19c) (0.116 g, 0.224 mmol)
and cesium carbonate (0.0948 g, 0.291 mmol). Puriﬁcation by
recrystallization from methanol and diethyl ether gave (2S)-2-amino-
3-[5′-(4″-morpholinophenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoic acid hydrochloride (21c) as a white solid (0.0957 g, 97%).
mp 172−174 °C; IR (neat) 3366, 2866, 1738, 1487, 1121, 1059, 889,
806 cm−1; [α]D
20 +13.5 (c 1.0, MeOH); 1H NMR (400 MHz,
CD3OD): δ 3.79 (t, J = 4.6 Hz, 4H), 4.17 (t, J = 4.6 Hz, 4H), 4.83
(dd, J = 5.6, 4.2 Hz, 1H), 5.31 (dd, J = 15.5, 4.2 Hz, 1H), 5.41 (dd, J
= 15.5, 5.6, 1H), 7.89 (d, J = 8.8 Hz, 2H), 7.93−8.01 (m, 4H), 8.31
(br s, 1H); 13C{1H} NMR (101 MHz, CD3OD): δ 46.8 (CH2), 52.1
(CH), 54.9 (2 × CH2), 64.1 (2 × CH2), 110.6 (CH), 117.2 (CH),
121.5 (2 × CH), 127.9 (CH), 129.1 (2 × CH), 133.4 (C), 136.3 (C),
141.3 (C), 141.9 (C), 146.2 (C), 167.5 (C); MS (ESI) m/z: 368 (M
+ H+, 100); HRMS (ESI): calcd for C19H22N5O3 (M + H
+),
368.1717; found, 368.1708.
(2S)-2-Amino-3-[5′-(4″-nitrophenyl)-1H-benzo[d][1.2.3]-
triazol-1′-yl]propanoic Acid Hydrochloride (21d). (2S)-2-
Amino-3-[5′-(4″-nitrophenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoic acid hydrochloride (21d) was synthesized as described for
(2S)-2-amino-3-[5′-(4″-methoxyphenyl)-1H-benzo[d][1.2.3]triazol-
1′-yl]propanoic acid hydrochloride (21a) using methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[5′-(4″-nitrophenyl)-1H-benzo[d]-
[1.2.3]triazol-1′-yl]propanoate (19d) (0.0529 g, 0.111 mmol) and
cesium carbonate (0.0469 g, 0.144 mmol). Puriﬁcation by
recrystallization from methanol and diethyl ether gave (2S)-2-
amino-3-[5′-(4″-nitrophenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoic acid hydrochloride (21d) as a white solid (0.0375 g, 93%).
mp 168−170 °C; IR (neat) 2899, 1735, 1595, 1514, 1344, 750 cm−1;
[α]D
20 +80.0 (c 0.5, MeOH); 1H NMR (400 MHz, CD3OD): δ 4.81
(dd, J = 5.7, 4.1 Hz, 1H), 5.31 (dd, J = 15.5, 4.1 Hz, 1H), 5.41 (dd, J
= 15.5, 5.7 Hz, 1H), 7.94−8.06 (m, 4H), 8.36 (d, J = 8.9 Hz, 2H),
8.39 (br s, 1H); 13C{1H} NMR (101 MHz, CD3OD): δ 46.8 (CH2),
52.2 (CH), 110.7 (CH), 117.8 (CH), 123.8 (2 × CH), 127.9 (CH),
128.1 (2 × CH), 133.7 (C), 136.0 (C), 146.2 (C), 146.4 (C), 147.4
(C), 167.6 (C); MS (ESI) m/z: 328 (M + H+, 100); HRMS (ESI):
calcd for C15H14N5O4 (M + H
+), 328.1040; found, 328.1035.
(2S)-2-Amino-3-[5′-(naphthalen-2″-yl)-1H-benzo[d][1.2.3]-
triazol-1′-yl]propanoic Acid Hydrochloride (21e). (2S)-2-
Amino-3-(5′-(naphthalen-2″-yl)-1H-benzo[d][1.2.3]triazol-1′-yl)-
proponic acid (21e) was synthesized as described for (2S)-2-amino-3-
[5′-(4″-methoxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoic
acid hydrochloride (21a) using methyl (2S)-2-[(benzyloxycarbonyl)-
amino]-3-[5′-(naphthalen-2″-yl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoate (19e) (0.103 g, 0.213 mmol) and cesium carbonate
(0.0904 g, 0.277 mmol). Puriﬁcation by recrystallization from
methanol and diethyl ether gave (2S)-2-amino-3-[5′-(naphthalen-
2″-yl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoic acid hydrochloride
(21e) as a white solid (0.0994 g, 78%). mp 224−226 °C; IR (neat)
2833, 1734, 1510, 1238, 1143, 774 cm−1; [α]D
20 +8.1 (c 0.5, DMSO);
1H NMR (400 MHz, CD3OD): δ 4.74 (dd, J = 5.8, 4.0 Hz, 1H), 5.33
(dd, J = 15.4, 4.0 Hz, 1H), 5.42 (dd, J = 15.4, 5.8 Hz, 1H), 7.38−7.66
(m, 4H), 7.73 (dd, J = 8.7, 1.2 Hz, 1H), 7.76 (d, J = 8.5 Hz, 1H),
7.89−8.05 (m, 3H), 8.09 (br s, 1H); 13C{1H} NMR (101 MHz,
CD3OD): δ 47.9 (CH2), 52.7 (CH), 109.7 (CH), 119.5 (CH), 125.0
(CH), 125.1 (CH), 125.7 (CH), 126.0 (CH), 127.1 (CH), 127.9
(CH), 128.2 (CH), 130.7 (CH), 131.5 (C), 132.9 (C), 134.0 (C),
137.9 (C), 138.9 (C), 145.8 (C), 168.1 (C); MS (ESI) m/z: 355 (M
+ Na+, 100); HRMS (ESI): calcd for C19H16N4NaO2 (M + Na
+),
355.1165; found, 355.1155.
(2S)-2-Amino-3-[5′-(thiophen-3″-yl)-1H-benzo[d][1.2.3]-
triazol-1′-yl]propanoic Acid Hydrochloride (21f). (2S)-2-
Amino-3-[5′-(thiophen-3″-yl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoic acid hydrochloride (21f) was synthesized as described for
(2S)-2-amino-3-[5′-(4″-methoxyphenyl)-1H-benzo[d][1.2.3]triazol-
1′-yl]propanoic acid hydrochloride (21a) using (2S)-2-
[(benzyloxycarbonyl)amino]-3-[5′-(thiophen-3″-yl)-1H-benzo[d]-
[1.2.3]triazol-1′-yl]propanoate (19f) (0.0810 g, 0.186 mmol) and
cesium carbonate (0.0785 g, 0.241 mmol). Puriﬁcation by
recrystallization from methanol and diethyl ether gave (2S)-2-
amino-3-[5′-(thiophen-3-yl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoic acid hydrochloride (21f) as a white solid (0.0453 g, 75%).
mp 174−176 °C; IR (neat) 2884, 1740, 1587, 1233, 1207, 775, 590
cm−1; [α]D
20 +12.5 (c 0.5, DMSO); 1H NMR (400 MHz, CD3OD): δ
4.81 (dd, J = 5.7, 4.1 Hz, 1H), 5.27 (dd, J = 15.5, 4.1 Hz, 1H), 5.37
(dd, J = 15.5, 5.7 Hz, 1H), 7.54 (dd, J = 5.0, 2.8 Hz, 1H), 7.56 (dd, J
= 5.0, 1.5 Hz, 1H), 7.76 (dd, J = 2.8, 1.5 Hz, 1H), 7.85 (d, J = 8.8 Hz,
1H), 7.98 (dd, J = 8.8, 1.4 Hz, 1H), 8.26 (br s, 1H); 13C{1H} NMR
(101 MHz, CD3OD): δ 46.7 (CH2), 52.2 (CH), 110.1 (CH), 115.4
(CH), 121.0 (CH), 125.9 (CH), 126.5 (CH), 127.6 (CH), 132.7
(C), 133.3 (C), 141.0 (C), 146.2 (C), 167.5 (C); MS (ESI) m/z: 289
(M + H+, 100); HRMS (ESI): calcd for C13H13N4O2S (M + H
+),
289.0754; found, 289.0750.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-(7′-bromo-6′-
methoxy-1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (22). To
a dry ﬂask under argon were added iron(III) chloride (0.0030 g, 0.018
mmol) and [BMIM]NTf2 (0.21 mL, 0.73 mmol), and the mixture was
stirred for 0.5 h. Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(6′-
methoxy-1H-benzo[d][1.2.3]triazol-1′-yl)propanoate (17b) (0.14 g,
0.36 mmol) was then added as a solution in dichloromethane (5.0
mL), followed by NBS (0.065 g, 0.36 mmol). After 1 h of stirring at
room temperature, the mixture was diluted with ethyl acetate (20 mL)
and ﬁltered through a short pad of silica. The ﬁltrate was washed with
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a 1 M aqueous solution of sodium thiosulfate (2 × 20 mL) and brine
(20 mL), dried (MgSO4), ﬁltered, and concentrated in vacuo.
Puriﬁcation by ﬂash column chromatography eluting with 10% ethyl
acetate in dichloromethane gave methyl (2S)-2-[(benzyloxycarbonyl)-
amino]-3-(7′-bromo-6′-methoxy-1H-benzo[d][1.2.3]triazol-1′-yl)-
propanoate (22) as a white solid (0.14 g, 85%). mp 122−124 °C; IR
(neat) 3331, 2953, 1724, 1501, 1261, 1065 cm−1; [α]D
23 −5.4 (c 1.0,
CHCl3);
1H NMR (500 MHz, CDCl3): δ 3.76 (s, 3H), 4.00 (s, 3H),
4.96−5.12 (m, 3H), 5.28 (dd, J = 14.4, 6.9 Hz, 1H), 5.47 (dd, J =
14.4, 4.8 Hz, 1H), 5.68 (d, J = 8.1 Hz, 1H), 7.09 (d, J = 9.0 Hz, 1H),
7.24−7.36 (m, 5H), 7.95 (d, J = 9.0 Hz, 1H); 13C{1H} NMR (126
MHz, CDCl3): δ 49.8 (CH2), 53.0 (CH3), 54.4 (CH), 57.5 (CH3),
67.2 (CH2), 90.1 (C), 111.2 (CH), 119.8 (CH), 128.1 (2 × CH),
128.2 (CH), 128.5 (2 × CH), 132.9 (C), 135.9 (C), 142.3 (C), 155.7
(C), 156.2 (C), 169.7 (C); MS (ESI) m/z: 485 (M + Na+, 100);
HRMS (ESI): calcd for C19H19
79BrN4NaO5 (M + Na
+), 485.0430;
found, 485.0430.
Methyl (2S)-2-[(Benzyloxycarbonyl)amino]-3-[6′-methoxy-
7′-(4″-methoxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]-
propanoate (23). To a solut ion of methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-(7′-bromo-6′-methoxy-1H-benzo[d]-
[1.2.3]triazol-1′-yl)propanoate (22) (0.140 g, 0.302 mmol) in 1,4-
dioxane (3.0 mL) and water (0.23 mL) was added 4-methoxyphe-
nylboronic acid (0.0734 g, 0.483 mmol), potassium ﬂuoride (0.0526
g, 0.906 mmol), and [1,1′-bis(diphenylphosphino)ferrocene]-
dichloropalladium(II) (1:1) (0.0186 g, 0.0227 mmol). The mixture
was degassed under argon for 0.25 h before heating to 80 °C for 24 h.
The reaction was then cooled to ambient temperature and ﬁltered
through a pad of Celite, diluted with ethyl acetate (20 mL), and
washed with water (3 × 20 mL) and brine (20 mL). The organic layer
was dried (MgSO4), ﬁltered, and concentrated in vacuo. Puriﬁcation
by ﬂash column chromatography eluting with 10% ethyl acetate in
dichloromethane gave methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-
[6′-methoxy-7′-(4″-methoxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-
yl]propanoate (23) as a pale orange oil (0.0979 g, 66%). IR (neat)
3350, 2954, 1748, 1723, 1519, 1497, 1288, 1065, 1028, 752 cm−1;
[α]D
20 −26.7 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 3.62 (s,
3H), 3.83 (s, 3H), 3.88 (s, 3H), 4.31 (dd, J = 13.8, 3.6 Hz, 1H),
4.43−4.58 (m, 2H), 4.98 (s, 2H), 5.57 (d, J = 8.6 Hz, 1H), 6.97−7.07
(m, 2H), 7.17 (d, J = 9.1 Hz, 1H), 7.21−7.38 (m, 7H), 8.00 (d, J =
9.1 Hz, 1H); 13C{1H} NMR (101 MHz, CDCl3): δ 49.9 (CH2), 52.7
(CH3), 53.6 (CH), 55.3 (CH3), 57.2 (CH3), 67.1 (CH2), 111.2
(CH), 111.8 (C), 114.0 (CH), 114.2 (CH), 119.7 (CH), 124.5 (C),
127.9 (2 × CH), 128.1 (CH), 128.5 (2 × CH), 131.7 (CH), 131.8
(CH), 133.0 (C), 136.0 (C), 141.7 (C), 155.6 (C), 156.7 (C), 159.6
(C), 169.6 (C); MS (EI) m/z: 490 (M+, 24), 240 (94), 227 (42), 212
(37), 108 (52), 91 (100), 79 (49); HRMS (EI) calcd for C26H26N4O6
(M+), 490.1852; found, 490.1831.
(2S)-2-Amino-3-(6′-methoxy-7′-(4″-methoxyphenyl)-1H-
benzo[d][1.2.3]triazol-1′-yl)propanoic Acid Hydrochloride
(24). To a solution of methyl (2S)-2-[(benzyloxycarbonyl)amino]-
3-[6′-methoxy-7′-(4″-methoxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-
yl]propanoate (23) (0.097 g, 0.198 mmol) in methanol (7.0 mL) and
water (3.0 mL) was added cesium carbonate (0.084 g, 0.257 mmol),
and the reaction mixture was stirred at room temperature for 16 h.
The reaction mixture was concentrated in vacuo and dissolved in
water (5.0 mL) before the addition of 1 M aqueous hydrochloric acid
solution (10 mL). The product was extracted with dichloromethane
(3 × 20 mL), dried (MgSO4), ﬁltered, and concentrated in vacuo to
aﬀord (2S)-2-[(benzyloxycarbonyl)amino]-3-[6′-methoxy-7′-(4″-me-
thoxyphenyl)-1H-benzo[d][1.2.3]triazol-1′-yl]propanoic acid as a
yellow foam (0.089 g, 94%). This material was then used immediately
in the following step. To a solution of (2S)-2-[(benzyloxycarbonyl)-
amino]-3-[6′-methoxy-7′-(4″-methoxyphenyl)-1H-benzo[d][1.2.3]-
triazol-1′-yl]propanoic acid (0.044 g, 0.092 mmol) in tetrahydrofuran
(5 mL) was added 10% palladium on carbon (0.019 g), and the
reaction mixture was purged under hydrogen gas for 1 h, before
stirring at room temperature under a hydrogen atmosphere for 16 h.
The reaction mixture was added to a 1 M aqueous solution of
hydrochloric acid (0.50 mL), ﬁltered through Celite, and washed with
methanol (10 mL), and the ﬁltrate was concentrated in vacuo.
Puriﬁcation by recrystallization from methanol and diethyl ether gave
(2S)-2-amino-3-(6′-methoxy-7′-(4″-methoxyphenyl)-1H-benzo[d]-
[1.2.3]triazol-1′-yl)propanoic acid hydrochloride (24) as a white solid
(0.023 g, 73%). mp 130−132 °C; IR (neat) 3698, 2931, 1686, 1595,
1354, 1252, 1169, 984 cm−1; [α]D
19 −6.2 (c 0.1, MeOH); 1H NMR
(400 MHz, CD3OD): δ 3.83 (s, 3H), 3.85−3.97 (m, 4H), 4.43 (dd, J
= 15.2, 9.6 Hz, 1H), 4.57 (dd, J = 15.2, 2.5 Hz, 1H), 7.00−7.12 (m,
2H), 7.23−7.34 (m, 2H), 7.37 (d, J = 9.1 Hz, 1H), 7.99 (d, J = 9.1
Hz, 1H); 13C{1H} NMR (126 MHz, CD3OD): δ 50.8 (CH2), 55.1
(CH), 55.8 (CH3), 57.7 (CH3), 113.5 (CH), 113.9 (C), 115.2 (CH),
115.3 (CH), 120.0 (CH), 125.6 (C), 132.8 (CH), 133.2 (CH), 134.3
(C), 142.7 (C), 158.6 (C), 161.3 (C), 170.2 (C); MS (ESI) m/z: 365
(M + Na+, 100); HRMS (ESI): calcd for C17H18N4NaO4 (M + Na
+),
365.1220; found, 365.1210.
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